The determination of islet mass is important for the normalization of islet experiments in the laboratory and for the precise dosing of islets for transplantation. The common microscopical analysis is based on individual islet sizing, calculation of the frequency distribution, and conversion into islet equivalents (IEQ), which is the volume of a spherical islet with a diameter of 150 µm. However, islets are of irregular form, which makes this determination user dependent, and the analysis is irreproducible once the original sample is discarded. This routine technique of islet quantification was compared with the analysis of areal density measurements. It was assumed that the entire area occupied by islets can be expressed in IEQ without sizing and counting individual islets. Porcine islets were isolated by continuous digestion/filtration and purified by gradient centrifugation. Purified islets were stained with dithizone and were repeatedly pictured under the microscope with random area selection. A total of 51 pictures was taken from 11 different purifications and stained islets were detected by digital image analysis. The correlation coefficient (r) between both analyses was 0.977 with an underestimation of islet yield by areal density detection (slope: 0.75 ± 0.03). Areal density analysis per picture took about 1 min, which is about 10 times faster than the traditional method without increasing the method error (CV 2.1% vs. 2.7%). In summary, areal density measurements allow a rapid and reproducible estimation of IEQ without counting individual islets. It can be performed in a single step analysis without computer programming and is valuable for online determinations of islet yield preceding transplantation.
INTRODUCTION
ing to an international guideline (8) . They are grouped in 50-µm-diameter classes neglecting islets smaller than One approach to treat type I diabetes is transplanta-50 µm. Although islets are of irregular form with only tion of islets of Langerhans. According to the Edmonton a minority of round islets (15) , the islet volume in each protocol for clinical islet transplantation, insufficient islet group is calculated assuming a spherical form and nornumbers can be corrected by repeated transplantations of malized against the volume of an islet equivalent (IEQ), purified islets (11, 12) . However, such a procedure is not which is a perfectly spherical islet with a diameter of applicable when transplanting macroencapsulated islets in 150 µm. This procedure of islet mass determination is a bioartificial pancreas (5, 14) . We developed a bioartifihighly operator dependent during sizing and irreproducicial pancreas as a vascular prothesis with a capillary as ble once the original sample has been discarded. islet compartment to optimize the diffusion of nutrients Areal density measurements are applied to quantify and insulin (3,4,7). However, this design restricts the the total amount of purified islets as volume (mm 3 ) or available volume for islet encapsulation, thus loading rein terms of purified islet per tissue (%) but give norquires a reliable islet mass determination. Examining the mally no information about the yield in terms of IEQ. currently available techniques for islet mass determina-We extend areal density measurements to the determination, we found that such a procedure is not commonly tion of islet yield in terms of IEQ, which is the relevant available.
number for islet quantification in islet transplantation. Dithizone-stained human or pig islets are usually
We established a linear relation between the traditional manually counted and sized under the microscope accorddetermination of IEQ by individual islet counting and sizing and determination of IEQ by areal density mea-bottom layered in a COBE 2991 cell separator before adding the continuous Ficoll gradient solution on top surement without applying any further assumption about islet forms. The advantage of the present approach in (300 ml, 150 ml high-density Ficoll solution plus 150 ml Euro-Collins solution, Fresenius Kabi, Friedberg, Ger-routine islet determination for transplantation and for the retrospective analysis of microscopic photographic im-many). After 5 min of centrifugation (1500 rpm), 30-ml fractions were pumped out and screened for islets. Islets age archives is discussed.
were concentrated by centrifugation (10 min at 270 × g) MATERIALS AND METHODS and the pellet was washed repeatedly in HBSS (pH 7.4, Porcine Islet Isolation supplemented with 5% FCS and antibiotics) to remove Ficoll. The purified islet fraction was stored on ice in a Porcine pancreata were explanted in a local slaughfinal volume of 5 ml HBSS. terhouse from 6-month-old hybrid pigs of both sexes. After a warm ischemic time of approximately 20 min the Determination of Islet Yield entire pancreas was explanted and immediately stored in ice-cold HBSS buffer (Cell Concepts, Umkirch, Ger-
The determination of porcine islet yield was performed many). In the laboratory, frozen sections of three organs, by two different methods. Both methods were based on taken on each occasion, were sliced and stained with dithidigital image analysis of microscopic photographic imzone (Sigma-Aldrich, Steinheim, Germany) for a histoages using the Photoshop 6.0 program. Figure 1 summalogical preexamination. This screening procedure identirizes the essential steps (step 1-step 5) for the analysis fied the organ with the highest number of large islets, by the two different methods. which was considered suitable for islet isolation (2).
Step 1: Data Sampling. Calibrate the pictured area This organ was purified from fat, blood vessels, and by taking one photograph of a calibrated grid (×100 magconnective tissue, and the pancreatic duct in the tail pornification). For this study a calibrated grid with squares tion was cannulated. Liberase PI (1 mg/g pancreas; Roche, of 0.0625 mm 2 was used. This step can be skipped after Basel, Switzerland) was dissolved in prewarmed 150 ml an initial calibration. A 300-µl probe taken from the 5-ml HBSS containing 25 mM HEPES (pH was adjusted to fraction containing purified islets was mixed with 300 7.4 with NaOH) and manually infused. After a cold isµl dithizone solution in a microwell (190 mm 2 area). chemic time of approximately 2 h, the organ was placed After sedimentation of the islets this probe was pictured in a stainless steel digestion chamber (750 ml) with a at least four times on ×100 magnification with random 500-µm filter inset. Two different isolation conditions area selection (RICOH 35 mm SLR camera, KR-10M). were examined. Isolations were performed either in the The photographs were digitalized (CanoScan F2710, absence or in the presence of steel marbles to increase Canon). the mechanical stress during digestion. The recirculation system was filled with prewarmed HBSS solution (750
Step 2: Determination of Picture Area. This step needs ml, pH 7.4, 37°C) and the continuous digestion/filtration to be performed only once. After digitalization the file process was started (9) . The degree of digestion was is opened in the Photoshop program and the file size is monitored by taking samples from the digestion chamnoted. The file size has to be constant in the analysis of ber every other minute followed by staining for purified all other pictures. A square of the calibrated grid is marked islets with dithizone. The digestion was stopped when with the Photoshop program (0.0625 mm 2 ). The marked the first large purified islets were observed under the area is detected with the histogram function as 8.65% microscope (Olympus stereo IM, Olympus, Japan) and of the entire photograph area. The total pictured area is the chamber was flushed with precooled HBSS buffer determined to be 0.722 mm 2 . [2000 ml, 4°C, pH 7.4, supplemented with fetal calf se-
Step 3: Data Processing. The digitalized microscopic rum (FCS), 5%]. This solution was concentrated by reimages were opened with the Adobe Photoshop 6.0 propeated centifugations (270 × g) and the remaining pellet gram. The frame size should be identical as the one used was washed with HBSS supplemented with 5% FCS and under
Step 2 for area size determination. A representaantibiotics (final concentration: streptomycin 100 µg/ml tive stained area was selected (function: select) and all and penicillin G 100 U/ml). The final pellet was dissolved similarly colored areas were collectively marked (funcin 20 ml ice-cold UW solution and stored for 1 h. tion: select similar). All selected islets were copied to a Porcine Islet Purification new empty frame of identical size (function: file new, select all, copy, paste). Because islets differ slightly in Islets were purified in a cell separator COBE 2991 (Gambro BCT, Martinsried, Germany) as described pre-color, some islets would not be included in the area analysis; therefore, a color reduction was performed to de-viously (10) . For islet purification the digest was premixed with high-density Ficoll solution (Sigma-Aldrich, tect all red-stained areas as black-stained structures (function: mode gray, adjust tone-scale black). Steinheim, Germany, 120 ml, density 1.108 g/ml) and Step 4: Determination of Islet Equivalents by Individ-culate the total islet yield in terms of IEQ using volume conversion factors as described previously (8) . The total ual Islet Counting and Sizing. From the black and white copy, individual islets were selected (tool box: function islet yield was calculated from the analysis of IEQ in four pictures (2.88 mm 2 ) adjusted to the entire well size magic wand) and copied into a new frame of identical size. The size of each individual islet was analyzed in (190 mm 2 /2.88 mm 2 ) and the total sample size (5 ml/0.3 ml). This factor is determined with 1100. percent of the frame size (function histogram) and recalculated as area (mm 2 ). The diameter (d) of the analyzed islet was calculated assuming a perfectly round islet [d =
Step 5: Determination of Islet Equivalents by Areal Density Measurements. From the black and white copy 2(area/Π) 1/2 ]. All islets on the photograph were analyzed similarly and grouped according to their size in 50-µm-the entire area occupied by islets, the areal density, was determined in percent of the picture area in a single step diameter classes, neglecting islets smaller than 50 µm. The frequency distribution of all islets was used to cal-(function histogram). The number of IEQ per picture can be calculated as areal density (%) × pictured area (0.722
Step 4. Table 1 summarizes the conventional assessment of islet equivalents by individual islet sizing on the mm 2 ) divided by the area of one IEQ (0.0177 mm 2 ). The total observed islet yield in four pictures (2.88 mm 2 ) is basis of islets observed in Figure 3e -h. Individual islets were sized and grouped in 50-µm classes, neglecting is-calculated by summation of IEQ in each microscopic image. For the calculation of the total islet yield this lets smaller than 50 µm. After conversion of the volume in each fraction to a standard islet volume of an islet value has to be adjusted to the entire well size (190 mm 2 / 2.88 mm 2 ) and the total sample size (5 ml/0.3 ml). This equivalent (IEQ), the total amount of islet equivalents in this preparation was calculated as 62590 IEQ/5 ml. factor is determined with 1100.
Examination of the same photographic material by a Insulin Content second operator yielded a similar islet distribution and The insulin content in islet fractions was determined islet yield (66000 IEQ/5 ml, data not shown). The operaafter homogenization followed by insulin extraction for tor-dependent method error calculated as coefficient of 24 h with acid ethanol in the cold. Insulin was detervariation in islet yield was 2.7%. The analysis took mined by porcine-specific insulin ELISA (Mercordia AB, about 10 min per picture, which gave a total of 40 min Uppsala, Sweden).
for analysis of one preparation.
Step 5. Table 2 summarizes the assessment of islet Functional Identification of Isolated Porcine Islets equivalents by areal density measurements on the basis Purified islets were placed in a handmade perifusion of islets observed in Figure 3e -h. The total amount of chamber and equilibrated for 2 h in 3 mM Krebs-Ringer islet equivalents in this preparation was calculated as buffer supplemented with 0.5 mg/ml bovine albumin, 3 58410 IEQ/5 ml. Examination of the same photographic mM glucose, and 10 mM HEPES. The pH was adjusted material by a second operator yielded a similar islet disto 7.4 with NaOH. The islets were stimulated with 16.7 tribution and islet yield (55990 IEQ/5 ml, data not mM glucose for 45 min to elicit insulin release. Fracshown). The operator-dependent method error calculated tions were sampled with a fraction sampler and insulin as coefficient of variation in islet yield was 2.1%. The was determined by ELISA.
analysis took about 1 min per picture and thus gave a total of 4 min for analyzing this islet preparation.
RESULTS

Porcine Islet Isolation
Frequency Distribution of Purified Islets in all 11 Purifications Thirty-three organs were sampled on 11 occasions over a period of 9 months. The histological prescreening From 11 isolations 51 microscopic photographic imshowed large individual differences of islet size in the ages were taken. The total observed islet number was native pancreata (Fig. 2) . The organ shown in Figure 2a 503. Dividing islets in six diameter size classes, 29 ± has significantly more islets compared with the organ 6% were smaller than 50 µm, 42 ± 4% were between 50 shown in Figure 2b . The most suitable organ (i.e., the and 100 µm, 14 ± 3% were between 100 and 150 µm, organ with the highest number of large islets) was pro-8 ± 1% were between 150 and 200 µm, 5 ± 1% were cessed ( Fig. 2a ). All selected animals were very similar between 200 and 250 µm, and 2 ± 1% were between 250 with respect to body weight (104 ± 3.1 kg), whole panand 300 µm. The frequency distribution of islets was creas size (159 ± 6.8 g), and pancreas tail size (88.4 ± asymetrically left shifted with a weighted mean islet di-7.7 g).
ameter of 87 ± 5 µm. The frequency distribution was not affected by different islet isolation procedures.
Determination of Islet Yield
The determination of islet yield followed the flow Comparision of Individual Islet Sizing With Area Density Measurement chart shown in Figure 1 . The analysis of islet yield determination in terms of IEQ is exemplified for one repre-Conventional islet equivalent determination was comsentative preparation based on the analysis of four mipared with areal density analysis in 51 pictures taken croscopic photographic images. from 11 different isolations. There was a linear relationship between the two different procedures for islet deter-Step 1 to Step 3. Purified and stained islets were pictured four times on 100× magnification. The islet distri-mination over a wide range of IEQ (Fig. 4a) . The correlation coefficient was 0.977 and the regression coefficient bution within the well was not completely homogenous ( Fig. 3a-d) . The islets were of irregular shape with a 0.75 ± 0.03. Averaging all pictures belonging to the same isolation also resulted in a linear relationship between minority of round islets. All dithizone-stained structures in the area were collectively marked and pasted as black the conventional analysis of IEQ and areal density measurements in 21 observations. The correlation coefficient and white copy to an empty frame of the Photoshop program ( Fig. 3e-h) .
was 0.984 and the regression coefficient was 0.75 ± 0.02 Figure 2 . Selection of porcine pancreata suitable for islet isolation. Head sections of two porcine pancreata were frozen in HBSS buffer on the microtome and sliced with a thickness of 400 µm. The slices were plated on an objective holder and stained with dithizone. Islets are stained red, exocrine tissue is yellow background, dark objects are air bubbles. (a) A pancreas rich in large islets, which are suitable for islet isolation. (b) A pancreas with low number of islets, which are not suitable for islet isolation. Photograpic images were taken at ×40 magnification. Scale bar: 250 µm.
( Fig. 4b ). There was no difference between the individ-Application of Areal Density Measurements ual islet analysis and the areal density measurements Table 3 summarizes the results of six isolations/puriwhether the islets were isolated by high or low mechanifications performed in the absence of steel marbles and cal stress.
five isolations/purifications performed in the presence of additional steel marbles in the digestion chamber to en-Verification of Islet Identity by Insulin Extraction hance tissue disruption. The amount of tissue after digesand Perifusion tion depended on the mechanical stress during isolation. The mean insulin content of purified islet fractions Significantly more tissue was obtained by increasing the (5 ml) was 72 ± 23 U. IEQ (50-300) obtained from four mechanical stress during isolation. Enhanced tissue disdifferent islets purifications were placed in a perifusion sociation resulted in a larger proportion of free islets chamber. After an equilibration period of 1 h, glucoseafter digestion and in a larger amount of islets after puriinduced insulin secretion was tested by stimulating the fication. islets with 16.7 mM glucose for 45 min. All islet prepa-DISCUSSION rations responded with immediate insulin release (Fig.  5 ). Maximal secretion was obtained 10 min after glucose
The conversion of islet numbers from pancreata of humans or large animals to islet equivalents is an at-stimulation. The total amount of insulin release averaged 3.8 ± 1.3 µU/IEQ/ml/45 min in the five different prepa-tempt to standardize islet preparations worldwide (8) . To prevent the operator-dependent bias during sizing and rations. Purified and stained porcine islets from one isolation were pictured four times. Number represents the number of observed islets in each size class. Factor represents the volume conversion factor of islets in each size group to islet equivalents (IEQ is the volume of a perfectly spherical islet with a diameter of 150 µm). Number as IEQ is the calculated standardized volume in each size class. Sum adds all IEQ. Yield takes into account the total well size and the total fraction size.
volume calculation, digital image analysis has been proposed (13) . However, the reported program does not distinguish between exocrine and endocrine structures; thus, only entirely pure preparations should be analyzed, a situation not routinely encountered. In addition, the digital image analysis is not commonly available.
In the present study islet yield was analyzed by the commercially available Photoshop 6.0 program. The application of that program largely excluded the problem of individually biased islet sizing and distributing. The method error determined as coefficient of variance in two separate analyses can be explained by the persondependent choice of the reference area. Depending on the color of the selected reference area, different structures are included by the function select-similar of the Photoshop program. This problem cannot be eliminated using the Photoshop program.
The analysis of islet equivalents from areal density measurements is an application of the "Principle of Delesse," commonly used for volume density determina-FACING COLUMN Figure 3 . Image analysis of purified islets. Purified islets (300 µl) were mixed with 300 µl of dithizone solution and pipetted into a microwell. The area within the microwell was randomly selected and pictured with ×100 magnification (picture area 0.722 mm 2 , total pictured area 2.88 mm 2 ). Microscopic photographic images were digitalized and red-stained areas were detected. All red-stained areas (a-d) were transformed to a black and white copy and were pasted into a new frame of identical size (e-h). Purified and stained islets from one isolation were pictured four times. Areal density is occupied area by all islets in each picture (%). Areal density as IEQ is the conversion of areal density into islet equivalents (IEQ). One IEQ (round islet with 150-µm diameter) occupies a picutre area of 2.45%). Sum adds all observed IEQ in four pictures. Yield takes into consideration the total well size and the total fraction size.
tion in morphometric analysis (16) . This principle states that if a cube of tissue contains only one component of irregular objects that are embedded in the matrix, the volume contribution of the component is equal to the areal density observed in a section through the cube (16) . This approach usually gives information about the total volume (mm 3 ) or volume contribution (%) of islets in the pancreas or in the islet fraction after purification. It has not been applied to the calculation of IEQ because different islet size classes contribute differently to the IEQ determination; thus, knowledge of all individual islet sizes seemed necessary. However, there is a linear relationship between IEQ calculated by areal density and by the classical method of individual islet sizing. Thus, no separation of individual islets in distinct size classes is needed and IEQ can be calculated on the basis of areal density only. The dif- standard isolation procedure (9) . However, it is empha-Mean islet yields from high mechanical stress (᭺) or low mesized that for other species or isolation procedures (e.g., chanical stress (•) are shown. The correlation coefficient in handpicking) the frequency distribution may change and 21 observations was 0.984 and the regression coefficient was 0.75 ± 0.03. linearity needs to checked. observed previously (1,2) and seem to be a characteristic
